A technique to implement frequency measurement photonically using only low-cost DC photodetectors is proposed and a proof of concept implementation is practically demonstrated.
I. INTRODUCTION
Frequency measurement is a critical component of a modern electronic warfare system.
In a typical implementation, broadband antennas listen across the whole useable RF spectrum. A sophisticated signal processing system must then sift through the received broadband analogue RF signals and attempt to identify the signatures of potential threats. Much of this signal processing can be done in the digital domain by dividing the received signal into relatively narrow band channels, digitizing and then processing with a computer. This is the most rigorous approach to threat identification.
It is valuable, however, to have an immediate warning against some specific threats. For this purpose, instantaneous analogue frequency measurement (IFM) is preferred. Banks of IFM receivers are required to distinguish between multiple threats and thus these systems must be simple, fast and lowcost. IFM receivers can be as simple as an interferometer formed using an RF quadrature hybrid, a combiner and two mis-matched lengths of RF transmission line. The bandwidth and cost of the IFM receiver is therefore limited by the RF hybrid and combiner components.
To In this paper we explore a frequency measurement system where frequency detection is achieved via a DC measurement. This eliminates the need for broadband photodetectors and hence renders banks of multiple such systems viable. Section II presents the general concept and basic theory, Section III presents a proof of concept implementation and Section IV presents results obtained using this system. Possible improvements are discussed in Section V.
II. THEORY
In this Section we propose a configuration that will produce a DC signal that varies with signal frequency. The general schematic of the proposed system is presented in Figure 1 . This procedure resembles photonic mixing [1, 2] .
Mathematically, the process can be described as follows. 
E(t) = EOVOe eio(t-T) sin (t -T)
The delayed signal is then mixed a second time producing:
If we detect only the envelope of the signal at the output, III. PHOTONIC IMPLEMENTATION Figure 2 presents a proof of concept photonic implementation of the system depicted in Figure 1 . An optical carrier was provided by a laser diode. This was then mixed with the signal to be measured using a Mach-Zehnder optical modulator. The modulated signal was delayed using a length of optical fibre. The delayed signal was again modulated and the result was amplified using an Erbium Doped Fibre Amplifier and filtered to remove unwanted amplified spontaneous emission. The envelope of the signal was detected using a low frequency photodetector. The electrical output was filtered to isolate the DC component and recorded using a volt meter.
In the small signal approximation a modulator response can be written
The system depicted in Figure 2 was implemented practically. The input signal was provided with an RF signal generator. The DC output at the voltmeter was measured as a function of input RF frequency. The laser power was set to 5.4dBm and the EDFA gain was maximized. An AWG with channel width of 0.8nm was used as the optical filter. RF Signal powers of lOdBm and 13dBm were input. Separate measurements were taken with the second modulator biased at positive and negative quadratures. This consists of a DC offset, equal to the optical power received when no signal is present, plus the desired frequency dependant component. It can be seen that the amplitude of the frequency dependant component will be proportional to the signal power to be measured. Fortunately it is possible to eliminate the DC offset by adjusting the bias of the second modulator to negative bias. This will invert the oscillating frequency dependant component, but will leave the DC offset unchanged. Hence detecting the difference between the positive and negative biased signals will yield only the frequency dependant component. The Results of Figure 4 clearly show the expected sinusoidal behaviour predicted in Section III. The complimentary measurements achieved using positive and negative bias should enable balanced detection. Rigorous implementation of balanced detection (with DC detectors) should provide significant noise reduction and enhanced sensitivity. These complimentary measurements could be achieved simultaneously using a balanced modulator at the output, making the measurement more instantaneous.
To increase the operation frequency, the optical fibre length must be reduced. The current system has a free spectral range of approximately 50kHz. To increase this to 5GHz would require reduction of the fibre length from 2.35km to 2.35cm. Integrated optics would clearly be an option.
It should be noted that in its current implementation, the signal amplitude cannot be isolated from the frequency. To isolate these two unknowns, two orthogonal measurements are required. One possibility would be to arrange for both sin(oT) and cos(mf) DC responses to be available at the output. This could be achieved using an quadrature hybrid phase shifter. Investigation of the combination of this current technique with a previously demonstrated photonic hybrid coupler [5] is currently underway.
Finally, requiring the RF signal at both ends of the optical fibre delay may not be practical. In fact, it would be desireable to modulate only once. This could be achieved by simultaneously modulating two different optical wavelengths simultaneously and then using a nonlinear optical component to mix the two signals [6] . We are currently seeking suitable nonlinear optical components to attempt this experiment.
V. CONCLUSION
We have proposed and demonstrated a simple technique by which photonic frequency measurement can be achieved using low-cost, DC photodetectors. This technique is amenable to balanced detection to eliminate the DC offset and background noise. Investigations are currently underway to improve the frequency response, reduce the component count and enhance the system sensitivity and accuracy. 
